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(54) Mixed-signal circuitry

(57)  Mixed-signal circuitry, comprising: an array of
ADC units configured to operate in a time-interleaved
manner, and each operable in each of a series of time
windows to convert an analogue input value into a cor-
responding digital output value, each conversion com-
prising a sequence of sub-conversion operations, each
successive sub-conversion operation of a sequence be-
ing triggered by completion of the preceding sub-conver-

sion operation; and a controller, wherein: at least one of
the ADC units is operable to act as a reporting ADC unit
and indicate, for each of one or more monitored said con-
versions, whether or not a particular one of the sub-con-
version operations completed during the time window
concerned; and the controller is operable to consider at
least one such indication and to control the circuitry in
dependence upon the or each considered indication.
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Description

[0001] The present invention relates to mixed-signal
circuitry, in particular to ADC (Analogue-to-Digital Con-
verter) circuitry using a successive approximation regis-
ter (SAR).

[0002] Successive-approximation conversion may be
considered as one example of a conversion process
which is made up of a sequence of sub-conversion op-
erations. ADC circuitry according to the presentinvention
may have particular use, for example, as the ADC cir-
cuitry (sub-ADC units) used at the ends of the paths in
the sampling circuitry disclosed in EP-A1-2211468.
[0003] As background, aspects of the sampling circuit-
ry disclosed in EP-A1-2211468 will be considered.
[0004] Figure 1 is a schematic diagram of analogue-
to-digital circuitry 40, to which the invention may be ap-
plied. Circuitry 40 comprises sampler 42, voltage-con-
trolled oscillator (VCO) 44 as an example clock-signal
generator, demultiplexers 46, ADC banks 48, digital unit
50 and calibration unit 52.

[0005] The sampler 42 is configured to perform four-
way or four-phase time-interleaving so as to split the input
current I,y by current steering into four time-interleaved
sample streams A to D. For this purpose, VCO 44 is a
quadrature VCO operable to output four clock signals
90° out of phase with one another, for example as four
raised cosine signals. VCO 44 may for example be a
shared 16 GHz quadrature VCO to enable circuitry 40 to
have an overall sample rate of 64 GS/s.

[0006] Each of streams A to D comprises a demulti-
plexer 46 and an ADC bank 48 connected together in
series as shown in Figure 1. The sampler 42 operates in
the current mode and, accordingly, streams A to D are
effectively four time-interleaved streams of current puls-
esoriginating from (and together making up) input current
Iin» €ach stream having a sample rate one quarter of the
overall sample rate. Continuing the example overall sam-
ple rate of 64 GS/s, each of the streams A to D may have
a 16 GS/s sample rate. Focusing on stream A by way of
example, the stream of current pulses is first demulti-
plexed by an n-way demultiplexer 46. Demultiplexer 46
is a current-steering demultiplexer and this performs a
similar function to sampler 42, splitting stream A into n
time-interleaved streams each having a sample rate
equal to 1/4n of the overall sample rate. Demultiplexer
46 may perform the 1:n demultiplexing in a single stage,
orin a series of stages. For example, in the case of n=80,
demultiplexer 46 may perform the 1:n demultiplexing by
means of a first 1:8 stage followed by a second 1:10
stage.

[0007] The n streams output from demultiplexer 46
pass into ADC bank 48, which contains n ADC sub-units
each operable to convert its incoming pulse stream into
digital signals, for example into 8-bit digital values. Ac-
cordingly, n digital streams pass from ADC bank 48 to
digital unit 50. In the case of n=80, the conversion rate
for the ADC sub-units may be 320 (4 x 80) times slower
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than the overall sample rate.

[0008] Streams B, C, and D operate analogously to
stream A, and accordingly duplicate description is omit-
ted. In the above case of n=80, circuitry 40 may be con-
sidered to comprise 320 ADC sub-units split between the
four ADC banks 48.

[0009] The four sets of n digital streams are thus input
to the digital unit 50 which multiplexes those streams to
produce a single digital output signal representative of
the analogue input signal, current Iy. This notion of pro-
ducing a single digital output may be true schematically,
however in a practical implementation it may be prefer-
able to output the digital output signals from the ADC
banks in parallel.

[0010] Calibration unit52 is connected to receive a sig-
nal or signals from the digital unit 50 and, based on that
signal, to determine control signals to be applied to one
or more of the sampler 42, VCO 44, demultiplexers 46
and ADC banks 48.

[0011] Figure 2 is a schematic circuit diagram of four-
phase (i.e. multiphase) current-mode (current-steering)
sampler 42. Although in Figure 1 a single-ended input
signal, current |, is shown, it will be appreciated that a
differential input signal could be employed, for example
to take advantage of common-mode interference rejec-
tion. Accordingly, the sampler 42 and demultiplexers 46
and ADC banks 48 could be effectively duplicated in cir-
cuitry 40 to support such differential signaling, for exam-
ple requiring 320 differential ADC sub-units, or 640 sin-
gle-ended ADC sub-units. However, such duplication is
omitted from Figure 1 for simplicity. Returning to Figure
2, sampler 42 is configured to receive such a differential
input current signal, modeled here as a current source
Iy whose magnitude varies with the input signal.
[0012] Because of the differential signaling, sampler
42 effectively has two matching (or corresponding or
complementary) sections 54 and 56 for the two differen-
tial inputs. Accordingly, there is a first set of output
streams IOUT 4 to IOUTj, in section 54 and a second set

of matching output streams IOUTB, to IOUTBp, where
IOUTB means IOUT, and wherein IOUT , is paired with
IOUTB,, IOUTg is paired with IOUTBg, and so on and

so forth.

[0013] Focusing on the first section 54 by way of ex-
ample (because the second section 56 operates analo-
gously to the first section 54), there are provided four n-
channel MOSFETSs 58, to 58y (i.e. one per stream or
path) with their source terminals connected together at
a common tail node 60.

[0014] The aforementioned current source Iy is con-
nected between common tail node 60 and an equivalent
common tail node 66 of section 56. A further current
source Ipc 62 is connected between the common tail
node 60 and ground supply, and carries a constant DC
current Ip.. The gate terminals of the four transistors 58
to 58y are driven by the four clock signals 8, to 65, re-
spectively, provided from the VCO 54.
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[0015] As mentioned above, section 56 is structurally
similar to section 54 and thus comprises transistors 64,
to 64p, common tail node 66 and current source Ipc 68.
Transistors 58, to 58 and 64, to 64p may be referred
to as sampler switches SW1 to SW8, respectively.
[0016] Operation of the sampler 42 will now be ex-
plained, again by way of background and to aid an un-
derstand of the operation of the ADC banks 48 as de-
scribed later herein.

[0017] Figure 3 shows schematic waveforms for the
clock signals 8 to 85 in the upper graph, and schematic
waveforms for three of the corresponding output currents
IOUT 5 toIOUTp (current IOUT - is not shown) in the lower
graph.

[0018] The clock signals 6, to 65 are time-interleaved
raised cosine waveforms provided as four voltage wave-
forms from the VCO 44. The use of four clock signals in
the present case is due to the four-way-interleaving de-
sign of ADC circuitry 40, but it will be appreciated that,
in another embodiment, three or more time-interleaved
clock signals could be used, for a three-or-more-way split
of the input current signal.

[0019] Clock signals 6, to 65 are 90° out of phase with
one another, such that 6 is at 0° phase, 6, is at 90°
phase, 0, is at 180° phase, and 05 is at 270° phase.
[0020] The effect of sampling circuitry 42, under control
of clock signals 8, to 83, is that the output currents IOUT 5
to IOUTp are four trains (or streams) of current pulses,
the series of pulses in each train having the same period
as one of the clock signals 6, to 85, and the pulses of all
four trains together being time-interleaved with one an-
other as an effective overall train of pulses at a quarter
of the period of one of the clock signals (or at four times
the sampling frequency of one of the clock signals).
[0021] For the benefit of further explanation, clock sig-
nal 8 is highlighted in bold in Figure 4.

[0022] Clock signals 6, to 65 control the gates of tran-
sistors 58, to 58p, respectively, in sampler 42. Accord-
ingly, transistors 58, to 58 are turned on and then off
in sequence, such that as one of them is turning off the
next in sequence is turning on, and such that when one
of them is turned fully on the others are substantially
turned off.

[0023] Because substantially all current entering node
60 via transistors 58, to 58 must exit that node as cur-
rent It then the sum of currents IOUT, to IOUTp at
any time must be substantially equal to It5;. = Ipc - |-
The effect of the gate control mentioned above is there-
fore that current |1, is steered to pass through transis-
tors 58, to 58 in the sequence in which those transistors
are turned on and off, i.e. such that as one of them is
turning off and thus starts to carry less of I, the next
in sequence is turning on and thus starts to carry more
of I, and such that when one of them is turned fully
on, it carries substantially all of 1, because the other
transistors are substantially turned off. This effect is
shown in the lower graph of Figure 3. Only output currents
IOUT , IOUTg and IOUTR are shown for simplicity, how-
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ever the pattern of waveforms shown continues in a sim-
ilarmanner. For comparison with the upper graph of clock
signals, the waveform for output current IOUT, (corre-
sponding to clock signal ) is highlighted in bold.
[0024] In order to gain an understanding of the lower
graph in Figure 3, three points, 70, 72 and 74 are indi-
cated on waveform 6 and a corresponding three points
80, 82 and 84 are indicated on waveform IOUT 4.
[0025] At point 70, waveform 6 is at its peak value,
i.e. at Vpp, and the other clock signals 64 to 05 are sig-
nificantly below their peak value. Accordingly, transistor
58, is fully on and transistors 58 to 58, are substantially
off. Therefore, at the corresponding point 80, current
IOUT 4 is equal to It and the other currents IOUTg and
IOUTp (and current IOUT not shown) are substantially
equal to zero.

[0026] At point 72, which precedes point 70, waveform
B is rising towards its peak value but has not yet reached
its peak value. Also, at point 72, waveform 64 is falling
from its peak value. Importantly, at point 72 clock signals
83 and 6, have equal values. Therefore transistors 58y
and 58, are on to the same extent as one another, be-
cause their source terminals are connected together. At
point 72, clock signals 6, and 6, are also equal to one
another and are sufficiently low to ensure that transistors
58p and 58 are off. Thus, at this point in time, half of
current Iy . flows through transistor 58p and half of it
flows through transistor 58,, as indicated by point 82,
such that IOUTp = I0UTp = (la)/2.

[0027] Point 74 is equivalent to point 72, except that
at this point itis transistors 58, and 58g that are both on.
Therefore, at corresponding point 84, IOUT, = IOUTg =
(lran)/2.

[0028] Asindicatedin Figure 4, as itp_varies, so does
the size of the current pulse steered along the various
paths. However, the shape of the pulses is still defined
by the clock signals as in Figure 3.

[0029] Figure 5 is a schematic circuit diagram of parts
of ADC circuitry 40 useful for understanding the structure
and operation of the demultiplexers 46, which lead to-
wards the ADC banks 48.

[0030] For simplicity, only part of the sampler circuitry
42 is shown. That is, only the "plus" section 54 is shown,
and elements of that "plus" section 54 are omitted to avoid
over-complicating Figure 5.

[0031] Regarding the demultiplexers 46, only the de-
multiplexing circuitry 46 for output IOUT 4 is shown. Sim-
ilar circuitry may also be provided for the other seven
outputs IOUTg to IOUTp, and IOUTB, to IOUTBp,.
[0032] As shown in Figure 5, demultiplexers 46 in the
present embodiment are formed of two stages, namely
stages 46A and 46B. The first stage 46A performs 1:N
demultiplexing, and the second stage 46B performs 1:M
demultiplexing.

[0033] Stages 46A and 46B generally have the same
structure as the array of sampling switches 110 of the
sampling circuitry 42. That is, each stage comprises a
plurality of transistors (in this case, n-channel MOSFETS)
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whose source terminals are connected together ata com-
mon tail node.

[0034] From the above description of sampling the cir-
cuitry 42, and considering only the "plus" section 54 by
way of example, it will be appreciated that the circuitry
splits the input current I (or |t ) into X time-interleaved
trains of pulses, where X =4 in the present embodiment.
In the present embodiment, those pulse trains are pro-
vided at outputs IOUT  to IOUTp. Sampling circuitry 42
can thus be thought of as performing a 1:X demultiplexing
function. In the same way, each output from sampler 42
can be further 1:N demultiplexed by a stage 46A, and
each output of a stage 46A can be further 1:M demulti-
plexed by a stage 46B.

[0035] Only one complete demultiplexed pathis shown
in Figure 5. That is, input current ||y is demultiplexed to
provide X (X = 4 in the present case) outputs IOUT, to
IOUTp. Each of those outputs is then 1:N demultiplexed
by a stage 46A, however this is only shown in Figure 5
in respect of the left-most output IOUT,. Consequently,
the outputs from that shown stage 46A are outputs
I0Tp10to IOUT pq(n.1)- Each of those outputs (for all stag-
es 46A) is then 1:M demultiplexed by a stage 46B, how-
ever this is again only shown in Figure 17 in respect of
the left-most output IOUT p 1o. Consequently, the outputs
from that shown stage 46B are outputs IOUT 059 to
IOUT p102w-1)- Corresponding outputs are produced by
the other stages 46B.

[0036] The sampling circuitry 42 and demultiplexers
46 together carry outa 1:Z demultiplexing function, where
Z =X xN x M. In the present example, X =4, N = 8 and
M = 10. Thus, the present example performs 1:320 de-
multiplexing (in line with the earlier description above),
which leads to 320 outputs on the "plus" side 54 and a
corresponding 320 outputs on the "minus" side 56.
[0037] Looking back to Figure 1, the output signals
from demultiplexers 46 pass into ADC banks 48. ADC
banks 48 are used to produce digital values correspond-
ing to the areas of the respective current pulses input
thereto.

[0038] Figure 6 is a schematic diagram useful for un-
derstanding the principle of operation of ADC banks 48.
For simplicity, only one output, IOUT 5429, of demulti-
plexers 46 is shown, and consequently the ADC circuitry
48 shown represents only the ADC circuitry (ADC unit)
required for that particular output. Similar ADC circuitry
48 may be provided for all the outputs of the demultiplex-
ers 46.

[0039] ADC circuitry 48 generally takes the form of a
capacitance 150. As shown in Figure 6, capacitance 150
may be variable in value, such that its value can be
trimmed during calibration or during an initial setup
phase. Generally speaking, capacitance 150 is em-
ployed to convert the current pulses from output
IOUT 51920 into voltage values V. Thatis, each pulse
charges up capacitance 150 to a voltage proportional to
the area of the pulse concerned. This is because the
amount of charge in each current pulse is defined by its
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area (Q =/l dt), and because the voltage across the ca-
pacitance 150 is defined by that amount of charge Q and
the capacitance value C (V = Q/C).

[0040] The voltage Vgt for a particular pulse is held
across capacitance 150 until the circuitry 48 is reset by
reset switch 152. Whilst the voltage V1 for a particular
pulse is held, this analog output value can be converted
into a digital output value, for example using an ADC
circuit employing a successive-approximation register
(SAR). In the case of differential circuitry, as in the
present embodiment, each Vg1 will have its comple-
mentary Vg1, and the pair may be applied together to
a differential comparator so that a single digital output
for that pair is output.

[0041] An advantage of this mode of operation is that
even if delays are experienced within the demultiplexers
46, the chargein each pulse will still make it to the relevant
outputs, albeit over a slightly longer period. In that case,
the voltage Vo1 produced from the pulse remains un-
affected. To illustrate this point, two examples 154 and
156 of the same current pulse are shown in Figure 6. The
first pulse 154 represents a case in which minimal delay
is experienced. The second pulse 156 represents a case
in which some delay/spreading is experienced, for ex-
ample due to track capacitance in the circuitry. Conse-
quently, pulse 156 is stretched in time as compared to
pulse 154. Importantly, the area of the two pulses 154
and 156 is substantially the same, and thus the output
voltage Vo1 would be the same for both.

[0042] Figure 7 is a schematic diagram useful for un-
derstanding a possible application of SAR - ADC (Suc-
cessive Approximation Register - Analogue-to-Digital
Conversion) circuitry within each sub-ADC unit of the cir-
cuitry 48 in Figure 6. Such circuitry could have a cycle of
sub-conversion operations (phases/steps) of the form:
Reset (R); Sample (S); 1; 2; 3; 4; 5; 6; 7 and 8, as shown
in Figure 7. In each Sample sub-conversion operation, a
current pulse concerned may be converted into an output
voltage Vo7, and subsequently that voltage Vg1 may
be turned into an 8-bit digital value over the following 8
SAR sub-conversion operations. The next Reset sub-
conversion operation then prepares the circuitry for the
next current pulse.

[0043] For a fuller understanding of the ADC circuitry
disclosed in EP-A1-2211468, reference may be made to
Figures 9, 10, 12, 13, 17, 19 and 20 thereof which cor-
respond respectively to the present Figures 1 to 7.
[0044] Figure 8 presents example SAR ADC circuitry
which may be employed with the circuitry of Figures 1
and 6, i.e. as part of the sub-ADC units of the ADC banks
48. The main elements are a S/H circuit 170 to acquire
VoytfromFigure 6, avoltage comparator 180, aninternal
DAC 190 and an SAR 200. The comparator 180 com-
pares the held Vo1 with the output of the internal DAC
190 and outputs the result of the comparison to the SAR
200. The SAR 200 is designed to supply a digital code
approximating Vgt to the internal DAC 190. The DAC
190 supplies the comparator with an analogue voltage
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based upon the digital code input from the SAR 200.
[0045] The SAR 200 is initialised so that its MSB is
equal to digital 1 (the other bits being digital 0). This code
is then inputto DAC 190, whose output analogue voltage
is supplied to comparator 180. If this analogue voltage
is greater than V1 the comparator 180 causes SAR
200 toreset this bit; otherwise, the bitis keptasa 1. Then,
the next bit is set to 1 and the same procedure (sub-
conversion operation) is followed, continuing this binary
search until every bit in the SAR 200 has been tested
(these "tests" corresponding respectively to sub-conver-
sion operations 1 to 8 in Figure 7). The resulting digital
code outputfromthe SAR 200 is the digital approximation
of the sample voltage V1 and is finally output when the
conversion is complete.

[0046] Typically, as indicated in Figure 9A, such SAR
ADC circuitry is operated in a synchronous mode. That
is to say, the phases, steps or sub-conversion operations
(R; S;1;2; 3; 4; 5; 6; 7; 8) start and finish synchronously
with respect to a clock signal. However, this may lead to
problems in certain steps dependent on the analogue
input V. For example, each of steps (sub-conversion
operations) 1 to 8 may comprise its own sub-processes
in which the output of DAC 190 settles, the comparator
180 resets and the comparator 180 makes its decision.
As indicated in Figure 9A, in some cases one of the sub-
conversion operations (e.g. number 5) might generate
an erroneous result forexample because the comparator
input voltage was very small (e.g. much less than 1 LSB)
and so there was not enough time in that step for its sub-
processes to all complete satisfactorily. This can gener-
ally only happen in one conversion step (sub-conversion
operation) per conversion, since the input voltage could
only be very close to one of the possible digital values.
Thus, for all the other sub-conversion operations the volt-
age difference must be at least 1 LSB, so those other
sub-conversion operations (steps) may have too much
time available to perform their sub-processes.

[0047] Clearly, the more significantthe sub-conversion
operation which produces an error, the larger the error
in the end result (digital code) of the ADC circuitry. How-
ever, if the supply voltage is set high enough that all de-
vices have enough time to complete over all conditions,
most devices will have higher voltage than needed which
wastes power.

[0048] Itis desirable to solve one or more of the above
problems.

[0049] Aspects of the presentinvention are defined by
the appended independent claims. Specific embodi-
ments are defined by the dependent claims.

[0050] According to a first aspect of the presentinven-
tion, there is provided mixed-signal circuitry, comprising:
an array of ADC units configured to operate in a time-
interleaved manner, and each operable in each of a se-
ries of time windows to convert an analogue input value
into a corresponding digital output value, each conver-
sion comprising a sequence of (asynchronous) sub-con-
version operations, each successive sub-conversion op-
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eration of a sequence being triggered by completion of
the preceding sub-conversion operation; and a control-
ler, wherein: at least one of the ADC units is operable to
act as a reporting ADC unit and to indicate, for each of
one or more monitored said conversions, whether or not
a particular one of the sub-conversion operations com-
pleted (at least to a given extent) during the time window
concerned; and the controller is operable to consider at
least one such indication and to control the circuitry in
dependence upon the or each considered indication.
[0051] The controller may be operable to control the
circuitry to bring a value of power consumption and/or of
speed of operation and/or of accuracy of conversion to-
wards or to a desired value. This may be done on a per-
ADC unit basis or per group of ADC units. The controller
may balance desires for low power-consumption, high
speed of operation and high conversion-accuracy. The
controller may be configurable or configured to achieve
a particular or given desired such balance.

[0052] Such circuitry is considered advantageous,
since it is possible to control its operation in accordance
with its operational performance, for example to bring its
operational performance towards a desired perform-
ance. Such control may have a focus on power consump-
tion of the circuitry, and enable the performance to be
controlled to bring a current power consumption towards
a desired consumption, for example to below a threshold
consumption. Such control may have a focus on conver-
sion accuracy, and enable the performance to be con-
trolled to bring a current conversion accuracy towards a
desired accuracy. Combinations of such factors may be
taken into account, for example to balance different re-
quirements and enable an acceptable power consump-
tion and conversion accuracy to be achieved.

[0053] Such mixed-signal circuitry may be for use in
an integrated circuit, and may handle signals of different
types, i.e. digital and analogue signals. Such circuitry
may be part or all of an analogue-to-digital converter.
The array of ADC units may be arranged in an order, and
for example organised into sub-groups or sub-arrays.
The time-interleaved operation may allow the ADC units
to operate in a parallel but time-staggered manner, for
example with the operations of each successive ADC
unit of the array being delayed by one or more clock cy-
cles of a system clock signal relative to those of the pre-
ceding ADC unit of the array. The series of time windows
for each ADC unit may be continuous, in the sense that
each successive window of the series starts immediately
when the preceding window ends, although it is also pos-
sible for there to be gaps between successive windows.
The series of time windows for each successive ADC
unit of the array may be delayed relative to those of the
preceding ADC unit of the array. The time windows may
all have the same length. Each analogue value may be
avoltage magnitude or an amount of charge in areceived
packet of charge. The output digital values may all have
the same format, for example they may all be 4, 6, 8, or
16 bit values (or be composed of any other integer
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number of bit values).

[0054] Each successive sub-conversion operation of
a sequence may be triggered by completion of the pre-
ceding sub-conversion operation, such that those sub-
conversion operations proceed one after the other in an
asynchronous manner, i.e. independently of a system
clock signal which may trigger the first sub-conversion
operation (or first few sub-operations) of the sequence,
and or define the time windows. The time windows may
be synchronous with such a clock signal.

[0055] An ADC unit may be a reporting ADC unitin the
sense that it outputs a signal which is indicative of wheth-
erornota particular one of the sub-conversion operations
completed during the time window concerned. Such an
output signal may have one value if a particular one of
the sub-conversion operations completed during the time
window concerned and another value if it did not. A sub-
conversion operation may be considered to be completed
if it has finished successfully (at least to a given extent),
for example if all component operations of the sub-con-
version operation finished successfully. For example, the
mixed-circuitry may be configured to reset each ADC unit
at the end of each of its time windows, such that any sub-
conversion operations not yet finished successfully finish
unsuccessfully.

[0056] The controller may consider indications in the
sense of factoring them into control processing or deci-
sion making, for example into judging whether the oper-
ational performance of the mixed-signal circuitry (in par-
ticular, the array of ADC units) meets a target perform-
ance. The controller may consider indications in the
sense of analysing them or taking them into account
when performing such control.

[0057] Thetimewindows may allbe ofthe samelength,
i.e. for all ADC units and for all conversions, optionally
determined by a clock signal common to the array. This
may simplify control of the circuitry as a whole.

[0058] The time windows for the ADC units may be
synchronised with one another. The series of time win-
dows for the respective ADC units may be time-inter-
leaved, i.e. so that they overlap in time to an extent and
are operated thus at least partially in parallel.

[0059] The ADC units of the array may be organised
into an order, corresponding to their time-interleaved op-
eration. The series of time windows for the respective
ADC units may thus be shifted or offset in time one series
to the next in the order in accordance with the time-inter-
leaved operation.

[0060] Some or all of the ADC units may act as report-
ing ADC units. The controller may be operable to config-
ure which ADC units act as reporting ADC units, option-
ally on a dynamic basis. For example, an ADC unit may
act as a reporting ADC unit only some of the time. The
controller may for example select which ADC units are
reporting units on an ongoing basis, e.g. identifying parts
of the array which require monitoring and selecting ADC
units from those parts to be reporting ADC units. Option-
ally, all of the ADC units may act as reporting ADC units
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at the same time, i.e. for normal operation of the mixed-
signal circuitry.

[0061] Some or all of the conversions may be moni-
tored conversions. For example, a reporting ADC unit
may monitor and report on all of its conversions or only
some of them. The controller may be operable to config-
ure which conversions are monitored conversions, op-
tionally on a dynamic basis.

[0062] Some or all of the indications may be consid-
ered indications. For example, the controller may take
into accountsome orall of the indications it receives when
controlling operation of the mixed-signal circuitry. The
controller may consider received indications in groups,
or as received over given time or operational periods.
For example, the controller may consider the indications
received over a period of time during which the ADC units
of the array each carry out the same number of conver-
sions. The controller may be operable to configure which
indications are considered indications, optionally on a
dynamic basis.

[0063] The controller may be operable to consider a
set of indications provided during a particular time period,
and to perform the control based on the set of considered
indications. Such a set may comprise the indications of
agiven number of conversions (e.g. consecutive conver-
sions) for each reporting ADC unit. The particular time
period may comprise an array of time-interleaved time
windows, the array of time-interleaved time windows
comprising a given number of time windows per ADC
unit of the array of ADC units. The given number may be
any positive integer.

[0064] The controller may be operable to consider a
set of indications provided by a group of the ADC units,
and to perform the control based on the set of considered
indications. The group of ADC units may be a subset or
sub-array of the array of ADC units. For example, if the
ADC units are arranged in plural rows or columns, a row
or column (e.g. bank) may constitute such a group.
[0065] The controller may be operable to carry out the
consideration and control at least or only during control
periods. That s, the controller need not carry out its con-
trol all of the time, and may stop such control to save
power/control burden. For example, the controller may
carry out its control for less than 10% or even 1% of the
time. The controller may be operable to configure when
the control periods occur, for example carrying out control
more often or for longer when the performance of the
circuitry is further away, or is tending to drift faster away,
from a target performance.

[0066] The controller may be operable to configure
which sub-conversion operation per sequence of sub-
conversion operations is the particular one. For example,
the controller may configure the penultimate sub-conver-
sion operation per sequence to be the final one, so that
control of the circuitry may ensure or increase the chanc-
es of at least the sub-conversion operations other than
the final one per sequence completing. The circuitry may
be configured such that the final or penultimate (or any
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earlier) sub-conversion operation per sequence is the
particular one.

[0067] The controller may be operable to configure
how many sub-conversion operations there are in the
sequences, for example relative to the number of bits
desired in the digital output values. For example, if the
final sub-conversion operation per sequence is the par-
ticular one, the controller may configure the sequences
such that there is one (or another number) more sub-
conversion operation than needed to create the digital
output values concerned. Control of the circuitry may
then ensure or increase the chances of at least the sub-
conversion operations necessary to create the digital out-
put values concerned completing.

[0068] The reporting ADC units may be operable to
perform such indication by outputting a conversion-com-
plete signal when the particular one of the sub-conver-
sion operations of a monitored conversion completes
during the time window concerned. Such a signal may
be a digital or analogue signal. The controller may be
connected to receive such signals, or to receive a signal
which is a mathematical combination (e.g. sum) orlogical
combination (e.g. AND, NAND, OR, NOR) of such sig-
nals.

[0069] The reporting ADC units may be operable to
perform such indication by outputting said digital output
values, the controller being operable to control the cir-
cuitry by analysing some or all of such digital output val-
ues. For example, the controller may be operable to per-
form frequency-domain analysis of the digital output val-
ues concerned. The controller may be operable to per-
form SNR (Signal-to-Noise Ratio) analysis of the digital
output values concerned.

[0070] The controller may be operable to control the
circuitry by controlling the magnitude of a supply voltage
provided individually to one or more ADC units of the
array, and/or in common to some or all of the ADC units
of the array. Such control may comprise increasing, de-
creasing or maintaining the supply voltage concerned.
For example, the supply voltage may be increased to
increase the speed of operation of the ADC units con-
cerned, or decreased to decrease the speed of operation
of the ADC units concerned and save power.

[0071] The controller may be operable to control the
circuitry by controlling the magnitude of a bulk voltage
supplied to field-effect transistors of one or more ADC
units of the array. Such control may comprise increasing,
decreasing or maintaining the bulk voltage concerned.
For example, the bulk voltage (e.g. bulk-source voltage)
may be decreased to increase the speed of operation of
the ADC units concerned, or increased to decrease the
speed of operation of the ADC units concerned. This may
be an appropriate control for NMOS bulk voltages, with
the reverse case being so for PMOS bulk voltages.
NMOS bulk voltages may be adjusted such that increas-
ing the bulk-source voltage decreases speed, and de-
creasing the bulk-source voltage increases speed.
[0072] One possibility is to reduce power (e.g. leakage
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current) solely or at least by adjusting bulk voltage. For
example, the supply voltage may remain fixed while the
bulk voltage is adjusted to decrease the speed of oper-
ation and save power. If the bulk-source voltage is de-
creased to increase the speed of operation, it may be
possible to decrease the supply voltage (effectively coun-
tering that increase in speed to a degree) and save pow-
er.

[0073] The controller may be operable to control the
circuitry based on the considered indications to tend to
cause future such indications to indicate that a target
performance has been achieved. That is, such control
may be carried out on an ongoing basis (e.g. control loop
with feedback), using current indications to control future
operation.

[0074] The target performance may comprise a target
amount of power consumed by one or more ADC units
of the array, and/or a target proportion of the considered
indications which indicate that the particular sub-conver-
sion operation completed in the time window concerned.
For example, the controller may be operable to reduce
supply voltage to save power as far as possible while still
ensuring that a sufficient number of the reporting ADC
units issue indications sufficiently consistently or often.
For example, the controller may be operable to reduce
supply voltage to save power as far as possible while still
ensuring that all of ADC units complete their conversions
sufficiently consistently or often. Threshold values may
be used to decide whether indications are issued suffi-
ciently consistently or often.

[0075] The controller may be operable to perform its
control in respect of at least the ADC units from which
the considered indications were provided. For example,
the controller may perform its control in respect of all of
the ADC units even if only some of them are reporting
ADC units. The controller may perform its control in re-
spect of (e.g. only) non-reporting ADC units.

[0076] The controller may be operable to configure
whether the final sub-conversion operations per se-
quence contribute to the respective digital output values.
For example, if 8-bit digital values are desired, requiring
8 sub-conversion operations per sequence, the sequenc-
es may nevertheless have 9 sub-conversion operations.
The controller may in such a case configure the ADC
units such that the final sub-conversion operation per se-
quence does not contribute to the respective digital out-
put values. The mixed-signal circuitry may be configured
such that the final sub-conversion operation per se-
quence does not contribute to the respective digital out-
put values.

[0077] Some or all of the sub-conversion operations in
a sequence may generate a corresponding bit value of
the digital output value concerned. The sub-conversion
operations may be successive-approximation opera-
tions. The or each ADC unit may be an asynchronous
ADC unit. The array of ADC units may comprise at least
8, 16, 32, 64 or 128 ADC units.

[0078] According to a second aspect of the present
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invention, there is provided mixed-signal circuitry, com-
prising: an (optionally asynchronous) ADC unit, operable
in each of a series of time windows to convert an input
analogue value into an n-bit digital value, each conver-
sion comprising a sequence of n sub-conversion proc-
esses, where each successive process in the sequence
is triggered by the preceding process, and operable to
output a conversion-complete signal each time a given
one of the processes in the sequence completes during
the time window concerned; and a controller connected
to receive the conversion-complete signals and operable
to control operation of the circuitry in dependence upon
the received conversion-complete signals.

[0079] The controller may be operable to control oper-
ation of the circuitry in dependence upon whether a con-
version-complete signal is received for each said time
window. The circuitry may comprise a plurality of such
ADC units, wherein the controller is connected to receive
the conversion-complete signals from the plurality of
ADC units. The controller may be operable to control op-
eration of the circuitry in dependence upon whether a
conversion-complete signal is received for each said time
window for (each) ADC unit.

[0080] Accordingto a third aspect of the presentinven-
tion, there is provided mixed-signal circuitry, comprising:
an ADC unit operable in each of a series of time windows
to convert an analogue input value into a corresponding
digital output value, each conversion comprising a se-
quence of sub-conversion operations, each successive
sub-conversion operation being triggered by completion
of the preceding sub-conversion operation; and a con-
troller, wherein: the ADC unit is operable to indicate, for
each of one or more observed said conversions, whether
or not a particular one of the sub-conversion processes
completed during the time window concerned; and the
controller is operable to control the circuitry in depend-
ence upon such indication.

[0081] According to a fourth aspect of the present in-
vention, there is provided mixed-signal circuitry, compris-
ing: a plurality of ADC units each operable to convert
analogue input values into respective digital output val-
ues, each conversion comprising a sequence of succes-
sive approximation operations (each such operation gen-
erating a corresponding bit value of the digital output val-
ue concerned); and a control unit; wherein: at least one
ADC unit is operable to output a completion signal when
a given number of said successive approximation oper-
ations of a conversion have been completed; and the
control unit is operable to control the system in depend-
ence upon at least one said completion signal.

[0082] According to a fifth aspect of the presentinven-
tion, there is provided mixed-signal circuitry, comprising:
an ADC unit operable to convert analogue input values
into respective digital output values, each conversion
comprising a sequence of successive approximation
sub-conversion operations, each sub-conversion opera-
tion generating a corresponding bit value of the digital
output value concerned; and a control unit; wherein: the
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ADC unit is operable to indicate its performance for each
conversion; and the control unit is operable to control the
circuitry in dependence upon said indications.

[0083] The ADC unit may be a synchronous ADC unit
whose operations are synchronised with a clock signal,
and the ADC unit may be operable to indicate, for each
conversion, whether or not the sub-conversion opera-
tions completed fully; and the control unit may be oper-
able to control the circuitry in dependence upon said in-
dications. More preferably, the ADC unit may be an asyn-
chronous ADC unit whose operations are synchronised
with a clock signal, only in that a first one or more of them
are so synchronised. Subsequent such operations may
be triggered one from the next independently of the clock
signal.

[0084] According to a sixth aspect of the present in-
vention, there is provided an analogue-to-digital convert-
er comprising mixed-signal circuitry according to any of
the aforementioned mixed-signal circuitry aspects of the
present invention.

[0085] According to a seventh aspect of the present
invention, there is provided an integrated circuit or an IC
chip comprising mixed-signal circuitry according to any
of the aforementioned mixed-signal circuitry aspects of
the presentinvention, or an analogue-to-digital converter
according the aforementioned sixth aspect of the present
invention.

[0086] Further aspects of the present invention com-
prise method aspects (methods of controlling mixed-sig-
nal circuitry) corresponding in scope respectively with
the aforementioned mixed-signal circuitry aspects of the
present invention. Optional features relating to the afore-
mentioned apparatus (circuitry) aspects apply equally to
the method aspects.

[0087] Reference will now be made, by way of exam-
ple, to the accompanying drawings, of which:

Figure 1, as mentioned above, is a schematic dia-
gram of analogue-to-digital circuitry, to which the in-
vention may be applied;

Figure 2, as mentioned above, is a schemaitic circuit
diagram of the four-phase current-mode sampler of
Figure 1;

Figure 3, as mentioned above, shows schematic
waveforms for the clock signals 6, to 85 of Figure 2,
and schematic waveforms for three of the corre-
sponding output currents IOUT, to IOUTp;

Figure 4, as mentioned above, shows schematic
waveforms indicating how output currents IOUT 4 to
IOUTp may vary with varing itp.;

Figure 5, as mentioned above, is a schemaitic circuit
diagram of parts of the Figure 1 circuitry useful for
understanding the structure and operation of its de-
multiplexers;

Figure 6, as mentioned above, is a schematic dia-
gram useful for understanding the principle of oper-
ation of ADC units of the Figure 1 ADC banks;
Figure 7, as mentioned above, is a schematic dia-
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gram useful for understanding a possible application
of SAR-ADC circuitry within each sub-ADC unit of
Figure 6;

Figure 8, as mentioned above, is a schematic dia-
gram of example SAR ADC circuitry which may be
employed with the circuitry of Figures 1 and 6, as
part of the sub-ADC units;

Figure 9A, as mentioned above, is a schematic dia-
gram relating to the synchronous mode of operation
of the Figure 8 SAR ADC circuitry;

Figure 9B is a schematic diagram useful for under-
standing an asynchronous mode of operation;
Figure 9C is a schematic diagram of example SAR
ADC circuitry configured to operate in asynchronous
mode;

Figure 10 is a table indicating how reducing ADC
resolution (8b to 6b) increases the amount of time
available per sub-conversion operation and may
thus allow for a reduction in Vpp and power con-
sumption;

Figure 11 is a schematic diagram of mixed-signal
circuitry embodying the present invention;

Figure 12 is a schematic diagram useful for under-
standing the time-interleaved operation of the array
of ADC units of Figure 11;

Figure 13 is a schematic diagram of circuitry which
may form part of the mixed-signal circuitry of Figure
11; and

Figure 14 is a schematic diagram of further circuitry
which may form part of the mixed-signal circuitry of
Figure 11.

[0088] One possible way to address issues with the
Figure 9A methodology is to operate the ADC circuitry in
an asynchronous mode, where sub-conversion opera-
tions (steps) 1 to 8 are performed one after the next but
only moving on when the preceding operation is finished.
The overall conversion process is thus made up of se-
quential sub-operations and independently timed for
each overall conversion and each sub-operation (other
than, e.g. Reset and Sample). This has the advantage
that each sub-conversion operation which completes
should complete without error, but has the disadvantage
that the point at which the overall conversion completes
is variable.

[0089] Forexample,asindicatedin Figure 9B,the ADC
circuitry may be configured to issue a Conversion Com-
plete (CC) signal when each sub-conversion operation
is complete, or only when a particular sub-conversion
operation such as the final sub-conversion operation is
complete. Moreover, the final Conversion Complete (CC)
signal may be received within the available time for 8
sub-conversion operations (as in Figure 9A), or not (i.e.
at all). In fact, the overall result is typically faster than
synchronous conversion because most asynchronous
conversions are faster (no wasted time), and there can
generally only be one "slow" cycle in a binary search
because each DAC code can only be used once , and
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only one code can be very close to the input voltage.
However, if the supply voltage is set high enough that all
devices have enough time to complete over all condi-
tions, most devices will have higher voltage than needed
which wastes power.

[0090] Figure 9C presents circuitry corresponding to
that in Figure 8, adapted to operate in asynchronous
mode in line with Figure 9C. The main difference is that
a "decision done" is output by comparator 180 to logic
210 to determine when the next sub-conversion opera-
tion (step) may be carried out. Logic 210 may of course
control other elements of the circuitry. Moreover, a Con-
version Complete (CC) signal is issued or provided when
the final sub-conversion operation is complete.

[0091] Against this backdrop, and by way of introduc-
tion, the techniques employed by the present invention
may be summarised as follows (given use of the asyn-
chronous mode mentioned above). These techniques
are described with the circuitry of Figures 1 to 8 in mind,
by way of example only, where there would be an array
of sub-ADC units (as in ADC banks 48) operating in a
time-interleaved manner based on the time interleaved
pulses (see e.g. Figure 7) received from upstream in the
circuitry. For simplicity, such sub-ADC units or circuits
will be referred to herein simply as ADC units, each op-
erating in the asynchronous mode as in Figure 9C. More-
over, reference numerals used in Figure 1 will be reused
in the following explanation for ease of understanding.
[0092] A firsttechnique is to use the Conversion Com-
plete (CC) signals (issued when a particular sub-conver-
sion operation such as the final sub-conversion operation
is complete) from all of the sub-ADC units of the Figure
1 circuitry to control Vpp (and/or bulk bias to adjust V1)
to reduce power consumption. This would provide ASV
(Adaptive Supply Voltage) functionality here for analogue
circuitry.

[0093] The Vpp to be controlled could be the system
Vpp on chip, which would affect the sampling circuitry 42
as well as the demultiplexers 46 and ADC units 48. How-
ever, it is preferable to control Vpp for just the array of
ADC units 48 since this is where the speed is needed
and where most of the power is dissipated. Additionally,
it may be undesirable to vary the overall system Vpp to
affect the sampling time of sampling circuitry 42 since
this could add noise or distortion into the overall ADC 40
output.

[0094] The ADC units will operate faster with higher
supply voltage (Vpp) and conversely slower with lower
supply voltage. The general idea here is to examine the
CC signals from all (or some) of the ADC units, and re-
duce Vpp until one or more of them start to show an
absence of CC signal, indicating them not completing
their N-bit conversion in the time available. For example,
the CC signals from all (or some) of the ADC units could
be supplied to a controller via a latch (to collect signals
which are otherwise time-interleaved) and a NAND gate,
so that the controller receives a signal if any of the CC
signals are missing.
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[0095] In the present circuitry in line with Figure 1, the
time available (time window) for the overall conversions
(made up of the sub-conversion operations) is set by the
system clock signal, e.g. as is clear for Figure 9A, and is
thus the same for such asynchronous ADC units operat-
ed as in Figures 9B and 9C.

[0096] Thus, if a particular ADC unit generally finishes
its conversions and issues its CC signals early, that unit
may be considered a "fast" unit and there is potential to
reduce its Vpp to save power (and slow down its opera-
tion until it uses more of its available time windows).
[0097] Conversely, if a particular ADC unit is a "slow"
unit, it would (in the absence of the fixed time windows)
generally finish its conversions late, and issue its CC sig-
nals late. Given the fixed time windows, such a "slow"
ADC unit would generally either finish its conversions
and issue its CC signals very close to the end of the time
windows, or not finish its conversions and hence not get
to issue its CC signals (in which case not all of the sub-
conversion operations would have completed and its out-
put digital values would consequently have errors in the
LSB or - in a worse case - more than one of the LSBs).
That is, the time windows may be configured to run one
after the next, back-to-back, so that even if a "slow" ADC
unit has not finished its sub-conversion operations by the
end of a particular window, that ADC unit is nevertheless
reset and configured for the next conversion. For such a
"slow" unitthere is potential to increase its Vpp and speed
up its operation until it generally finishes its conversions
and issues its CC signals within the available time win-
dows.

[0098] Thus, Vpp could beraised to reduce the number
of ADC units which have absent CC signals or lowered
to increase that number. Occasional LSB errors may
have little or no effect on SNR of the overall ADC 40,
such that occasional absent CC signals may be tolerated
inorder to achieve (by reducing Vpp) power-consumption
savings. As apparent from the description above, Vpp
could be controlled/adjusted on a per ADC unit basis, or
for groups (e.g. banks) of ADC units in common (includ-
ing, of course, sub-groups of the array or the entire array).
Also, bulk voltages of transistors (field-effect transistors)
in the ADC units may be controlled/adjusted (with or with-
out Vpp control) on a per ADC unit basis, or for groups
of ADC units in common (including, of course, sub-
groups of the array or the entire array). Bulk voltage ad-
justment controls the threshold voltage V1 of the corre-
sponding transistors, and thus their speed of operation.
[0099] Considering that ADC circuitry 40 employing
the present techniques may be implemented as integrat-
ed circuitry on IC chips, such techniques enable Vpp to
be variable per chip, and for example to take account of
process and/or temperature variations. The CC monitor-
ing and Vpp up/down adjustment can also be done during
operation of the ADC circuitry 40 without interruption, for
example to compensate for temperature changes or ag-
ing.

[0100] Asecondtechniqueistoreduce ADC resolution
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by stopping the conversion process early. For example,
an 8b ADC could be run at 7b or 6b resolution, which
would only give a small SNR decrease. However, in this
way even fewer sub-conversion operations would be
needed to completion (i.e. the CC signals could be issued
in respect of earlier sub-conversion operations than the
final one), allowing even lower Vp to be used.

[0101] Forexample, seeFigure 10 whichindicates how
reducing the resolution (8b to 6b) increases the amount
of time available per sub-conversion operation (250 pi-
coseconds to 333 picoseconds). As a result, the supply
voltage Vpp may be reduced (0.8 volts to 0.7 volts) given
that the circuitry may operate slower and still carry out
the number of conversions required in the time available.
Itis indicated that the power consumption - indicated sim-
ply by values P which may be compared relative to one
another - may accordingly be reduced considerably (5.12
to 2.94). Again this enables per-chip, per-application (i.e.
per customer) control.

[0102] Incidentally, it is noted in Figure 9B (with refer-
enceto Figure 9A) thatitis the sub-conversion operations
1 to 8 (i.e. the actual successive-approximation opera-
tions) which are run asynchronously. That is, the Reset
and Sample operations are run synchronously, and the
present disclosure may be understood accordingly. In
other words, the sub-conversion operations which may
be made faster or slower with control (of e.g. Vpp and/or
bulk voltage) are the actual successive-approximation
operations. Thus, for example in Figure 10, the average
duration is of the successive-approximation sub-conver-
sion operations, assuming that there is available time for
those operations in combination of 2ns.

[0103] The following refinements have also been con-
sidered.

[0104] It is possible that not all of the ADC units be
configured to issue CC signals, or for example for a con-
troller to control which subset of the ADC units are con-
figured to issue CC signals at any one time. Moreover,
it is possible that a controller may use/consider (factor
in, analyse, take into account) only a subset of the CC
signals it is provided with, or for example that it compare
one subset to another. This may enable identification of
and focus on "trouble areas". The subset of the ADC units
could be one sub-ADC unit, e.g. the "worst one" - this
perhaps could be detected on start-up or during run time.
[0105] It is also possible to control VDD/bulk voltage
on a per ADC unit basis, or per subset of the ADC units,
or for all ADC units. Further, the control may be carried
out continuously, or from time to time, e.g. during control
periods.

[0106] Itis also possible to configure the ADC units or
the array thereof such the number of sub-conversion op-
erations until the CC signal is issued is configurable or
programmable (e.g. via a controller). For example, the
number of sub-conversion operations until CC may be
6, 7, or 8, combining control of ADC resolution and power
consumption.

[0107] Similarly, it may be possible to add a "dummy"
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sub-conversion operation at the end of the conversions.
For example, if carrying out 8b conversion, Vpp could be
adjusted to allow 9b conversion with only occasional error
on the LSB. This would effectively give one cycle of mar-
gin leading to error-free 8b conversion which may be crit-
ical in some applications. Of course, there would be a
power-consumption cost involved.

[0108] A further possibility in theory is to stop conver-
sions after a "long" sub-conversion operation - this as-
sumes that a long sub-conversion occurs when the de-
cision state is extremely close to the final intended output
value. This however has the drawback that it is very dif-
ficult in practice to detect a "long" sub-conversion oper-
ation - they are not much longer than other sub-conver-
sion operations and are also typically very rare (e.g. 1in
100, 1000, or even 10000).

[0109] Incidentally, although the above discussion has
focussed on the CC signals, this is just one convenient
way for the ADC units to indicate their performance, for
example to a controller. Another possibility would be to
analyse the digital output values of some or all of the
ADC units, individually or in groups depending e.g. on
how the ADC units are to be controlled. Such analysis
could for example determine an SNR (Signal-to-Noise
Ratio) value or similar. For example, if the SNR value
were found to be too low, the VDD could be increased
to try to raise that value, and vice versa. Similar consid-
erations of course apply to bulk-voltage variation.
[0110] Figure 11 is a schematic diagram of mixed-sig-
nal circuitry 300 embodying the presentinvention. Mixed-
signal circuitry 300 comprises an array 310 of ADC units
320 and a controller 330.

[0111] The ADC units 320 are configured to operate in
a time-interleaved manner, and each operable in each
of a series of time windows to convert an analogue input
value into a corresponding digital output value, each con-
version comprising a sequence of sub-conversion oper-
ations in line with Figure 9B, each successive sub-con-
version operation being triggered by completion of the
preceding sub-conversion operation.

[0112] At least one of the ADC units 320 is operable
to act as a reporting ADC unit and indicate, for each of
one or more monitored said conversions, whether or not
a particular one of the sub-conversion processes com-
pleted during the time window concerned.

[0113] The reporting ADC units 320 are operable to
output CC signals per conversion, where they finish their
conversions (or at least, the particular sub-conversion
operation which triggers the CC signal) within the corre-
sponding time windows.

[0114] Theindications may comprise some or all of the
CC signals 340 or the digital values 350. The controller
is operable to consider or use at least one such indication
and to control the circuitry in dependence upon the or
each considered indication.

[0115] In Figure 11, for convenience of description, all
of the ADC units 320 are configured to act as such re-
porting ADC units, during operation of the circuitry 300.
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Further, again for convenience of description, it is as-
sumed that the controller 330 is configured to consider
all received indications, although it may be configured to
consider only a subset of them. Controller 330 may, in
some embodiments, be configured to determine which
indications to consider, e.g. on a dynamic basis, for ex-
ample as it identifies "problem" subsets of the ADC units
320.

[0116] Moreover, the controller 330 may, in some em-
bodiments, be configured to control which of the ADC
units 320 is a reporting ADC unit, and when (i.e. dynam-
ically) such ADC units 320 are reporting units. Further,
controller 330 may be configured to control when it con-
trols operation of the ADC units 320, for example per-
forming that control only during control periods.

[0117] Additionally, the controller 330 may, in some
embodiments, be configured to control which sub-con-
version operations of the ADC units 320 trigger issuance
of the CC signals, and how many sub-conversion oper-
ations the ADC units 320 should perform per conversion.
Controller 330 may also be configured to control which
sub-conversion operations of the ADC units contribute
to the output digital values.

[0118] As indicated in Figure 11, such control of the
ADC array 310 and the ADC units 320 is effected by an
output signal of the controller 330 which is input to the
ADC array 310. This control may be effected on a per
ADC unit 320 basis, or per subset or group of the ADC
units 320. Of course, the control may also be common
to the full array 310.

[0119] Figure 12 is a schematic diagram useful for un-
derstanding the time-interleaved operation of the array
of ADC units 320, assuming that the array has N such
units. The value N may for example be 8, 16, 32, 64, 128,
256, 320, 512 or 640, or indeed any value between or
greater than those values.

[0120] A timeline is provided for each ADC unit 320,
although only explicitly shown for the first two (labelled
ADC UNIT 1 and ADC UNIT 2) and the last one (labelled
ADC UNIT N). Moreover, for the first ADC unit 320 (ADC
UNIT 1) three successive time windows are labelled A
to C, and the corresponding time windows are similarly
labelled for the other ADC units to the extent that they
appear on the timelines.

[0121] Thus, the time windows A for the array are time-
interleaved, with the time window A for ADC UNIT 1 start-
ing first, and the corresponding time windows A for the
further ADC units 320 of the array being staggered in
time one from the next in order up to ADC UNIT N. In the
present example, the time-interleaving is even, such that
there is the same delay between corresponding time win-
dows from one ADC unit 320 to the next in order across
the array. For example, just after the time window A for
the last ADC unit 320 of the array (ADC UNIT N) starts,
the next time window B for ADC UNIT 1 starts.

[0122] With this in mind, the time taken for an array of
corresponding time windows A is indicated in Figure 12,
and this may be considered an array conversion cycle
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(i.e. comprising a conversion per ADC unit 320 for the
complete array 310). The controller 330 may for example
consider indications such as CC signals on a per array
conversion cycle basis.

[0123] Also indicated in Figure 12 by way of star sym-
bols in the time windows are examples of when CC sig-
nals might be issued, for the ADC units 320, e.g. assum-
ing that they are all configured to operate in the same
way as in Figure 11. For ADC UNIT N the CC signals are
generally issued relatively early in the time windows, and
as such that ADC unit 320 may be considered a "fast"
ADC unit. Conversely, ADC UNIT 2 generally doesn’t
issue CC signals, and as such that ADC unit 320 may be
considered a "slow" ADC unit. ADC UNIT 1 generally
issues CC signals for each time window, very close to
the end of those time windows, and as such that ADC
unit 320 may be considered an"OK" (or even "optimised")
ADC unit. Such differences in speeds of the ADC units
may be attributable to differences within and across proc-
ess forthe transistors of those ADC units, such as thresh-
old-voltage (Vty) variation.

[0124] One possibility is to increase Vpp (oradjust bulk
voltages) for the whole array 310 until even ADC UNIT
2 operates as shown for ADC UNIT 1. Although this may
be advantageous in terms of how array 310 is controlled
(i.e. common Vpp and/or bulk voltage), it may be less
advantageous in terms of power consumption as, for ex-
ample, Vpp may need to be turned up for the whole array
causing several of the ADC units 320 to operate "fast".

[0125] Another possibility is to adjust Vpp (or adjust
bulk voltages) per ADC unit 320, until they all operate as
shown for ADC UNIT 1. Yet another possibility is to adjust
Vpp (or adjust bulk voltages) per ADC unit 320, but only
for the "slow" ADC units until they operate as shown for
ADC UNIT 1. When also considering ADC resolution var-
iation, it will be appreciated that many other control meth-
ods would be possible in line with the techniques de-
scribed above. Of course, such control may also be ap-
plied per subgroup of the ADC units 320 as discussed
earlier.

[0126] Figure 13 is a schematic diagram of circuitry
400 which may form part of mixed-signal circuitry 300.
As well as controller 330, circuitry 400 comprises a latch
unit 410 and a NAND unit 420.

[0127] Asindicated in Figure 13, one possibility is that
the CC signals from some (e.g. a group) or all of the ADC
units 320 be input to latch unit 410, so as to collect to-
gether and synchronise the CC signals which would oth-
erwise be issued in a time-interleaved manner. The syn-
chronised CC signals are then input to NAND unit 420
so that it outputs a signal only when one or more of the
ADC units 320 concerned does notissue its signal in the
time window (of an array conversion cycle) concerned.
This signal is labelled in Figure 13 as a "Group CC Ab-
sence" signal, and is input to the controller.

[0128] The controller may thus be configured to control
(adjust) Vpp and/or bulk voltage for the group of ADC
units 320 concerned (viaits signalto the array 310), which
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group might be the whole array, to tend to cause the
"Group CC Absence" signal not to be issued, i.e. to tend
to cause all the ADC units 320 concerned to complete
their conversions in their time windows. Such control
might be based, for example, on how often (frequency)
the "Group CC Absence" signal is received. Of course,
even if the group of ADC units 320 is a subset of the array
310, the control of Vpp and/or bulk voltage might never-
theless be applied to more or all of the ADC units 320
(that group simply acting as an indicator of wider per-
formance).

[0129] Naturally, such control may also be performed
to tend to cause the number of ADC units 320 which
complete or do not complete their conversions in their
time windows to fall or stay within an acceptable range,
e.g. between two threshold values. As mentioned above,
it may be possible to tolerate a given (low) level of LSB
errors and the like.

[0130] Additionally, the logical function regarding CC
signals may be to check that all conversions have com-
pleted, requiring an AND unit (rather than NAND unit420)
if conversion complete (CC) goes high on completion.
The exact implementation will of course depend on the
signs of the various signals and the configuration of the
controller, and may thus differ from embodiment to em-
bodiment.

[0131] Figure 14 is a schematic diagram of circuitry
500 which may form part of mixed-signal circuitry 300.
As well as controller 330, circuitry 500 comprises a latch
unit 510 and an SNR unit 520.

[0132] As indicated in Figure 14, one possibility is that
the DIGITAL signals from some (e.g. a group) or all of
the ADC units 320 be input to latch unit 510, so as to
collect together and synchronise the DIGITAL signals
which might otherwise be issued in a time-interleaved
manner. The synchronised DIGITAL signals are then in-
put to SNR unit 520 so that it outputs a signal indicative
of the SNR of those DIGITAL signals. This signal is la-
belled in Figure 14 as a "Group SNR" signal, and is input
to the controller.

[0133] The controller may thus be configured to control
(adjust) Vpp and/or bulk voltage for the group of ADC
units 320 concerned (via its signal to the array 310), which
group might be the whole array, to tend to cause the
"Group SNR" to indicate a higher or lower SNR value
(dependent on its current value), i.e. to tend to cause all
of the ADC units 320 concerned to complete their con-
versions in their time windows (or the number of ADC
units which complete or do not complete their conver-
sions in their time windows to fall or stay within an ac-
ceptable range). Such control might be based, for exam-
ple, on a series of such Group SNR signals, i.e. on a
series of SNR values.

[0134] Of course, even if the group of ADC units 320
is a subset of the array 310, the control of Vpp and/or
bulk voltage might nevertheless be applied to more or all
of the ADC units 320 (that group simply acting as an
indicator of wider performance).
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[0135] As will be apparent from the above, although
the mixed-signal circuitry 300 comprises an array of ADC
units 320, it is possible to control a single such ADC unit
320 based on indications received from that ADC unit
320 alone (acting as a reporting ADC unit). Thatis, ADC
units 320 may be controlled fully individually, as well as
in groups. The above disclosure will be understood ac-
cordingly.

[0136] Circuitry of the present invention may from part
of an analogue-to-digital converter. Circuitry of the
present invention may be implemented as integrated cir-
cuitry, for example on an IC chip. The present invention
extends to integrated circuitry and IC chips as mentioned
above, circuit boards comprising such IC chips, and com-
munication networks (for example, internet fiber-optic
networks and wireless networks) and network equipment
of such networks, comprising such circuit boards.
[0137] The present invention may be embodied in
many other different forms, within the scope of the ap-
pended claims.

[0138] The presentdisclosure extends to the following
statements:

A1. Mixed-signal circuitry, comprising:

an array of ADC units configured to operate in
a time-interleaved manner, and each operable
in each of a series of time windows to convert
an analogue input value into a corresponding
digital output value, each conversion comprising
a sequence of sub-conversion operations, each
successive sub-conversion operation of a se-
quence being triggered by completion of the pre-
ceding sub-conversion operation; and

a controller,

wherein:

at least one of the ADC units is operable to
act as a reporting ADC unit and indicate, for
each of one or more monitored said conver-
sions, whether or not a particular one of the
sub-conversion operations completed dur-
ing the time window concerned; and

the controlleris operable to consider atleast
one such indication and to control the cir-
cuitry in dependence upon the or each con-
sidered indication.

A2. Mixed-signal circuitry according to statement A1,
wherein the time windows are all of the same length,
optionally determined by a clock signal common to
the array.

A3. Mixed-signal circuitry according to statement A1
or A2, wherein the time windows for the ADC units
are synchronised with one another, and/or wherein
the series of time windows for the respective ADC
units are time-interleaved.
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A4. Mixed-signal circuitry according to any of the pre-
ceding statements, wherein the ADC units of the ar-
ray are organised into an order, and wherein the se-
ries of time windows for the respective ADC units
are shifted in time one series to the nextin said order
in accordance with said time-interleaved operation.

A5. Mixed-signal circuitry according to any of the pre-
ceding statements, wherein some or all of said ADC
units act as reporting ADC units.

A6. Mixed-signal circuitry according to any of the pre-
ceding statements, wherein the controller is opera-
ble to configure which ADC units act as reporting
ADC units, optionally on a dynamic basis.

A7.Mixed-signal circuitry according to any of the pre-
ceding statements, wherein some or all of said con-
versions are monitored conversions.

A8. Mixed-signal circuitry according to any of the pre-
ceding statements, wherein the controller is opera-
ble to configure which conversions are monitored
conversions, optionally on a dynamic basis.

A9. Mixed-signal circuitry according to any of the pre-
ceding statements, wherein some or all of the indi-
cations are considered indications.

A10. Mixed-signal circuitry according to any of the
preceding statements, wherein the controller is op-
erable to configure which indications are considered
indications, optionally on a dynamic basis.

A11. Mixed-signal circuitry according to any of the
preceding statements, wherein the controller is op-
erable to consider a set of indications provided dur-
ing aparticular time period, and to perform the control
based on the set of considered indications.

A12. Mixed-signal circuitry according to statement
A11, wherein the particular time period comprises
an array of time-interleaved said time windows, the
array of time-interleaved time windows comprising
a given number of time windows per ADC unit of the
array of ADC units.

A13. Mixed-signal circuitry according to any of the
preceding statements, wherein the controller is op-
erable to consider a set of indications provided by a
group of the ADC units, and to perform the control
based on the set of considered indications.

A14. Mixed-signal circuitry according to any of the
preceding statements, wherein the controller is op-
erable to carry out the consideration and control at
least or only during control periods.
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A15. Mixed-signal circuitry according to statement
A14, wherein the controller is operable to configure
when the control periods occur.

A16. Mixed-signal circuitry according to any of the
preceding statements, wherein the controller is op-
erable to configure which sub-conversion operation
per sequence of sub-conversion operations is the
particular one.

A17. Mixed-signal circuitry according to any of the
preceding statements, wherein the final or penulti-
mate sub-conversion operation per sequence is the
particular one.

A18. Mixed-signal circuitry according to any of the
preceding statements, wherein the controller is op-
erable to configure how many sub-conversion oper-
ations there are in the sequences.

A19. Mixed-signal circuitry according to any of the
preceding statements, wherein the reporting ADC
units are operable to perform such indication by out-
putting a conversion-complete signal when the par-
ticular one of the sub-conversion operations of a
monitored conversion completes during the time
window concerned.

A20. Mixed-signal circuitry according to any of the
preceding statements, wherein the reporting ADC
units are operable to perform such indication by out-
putting said digital output values, the controller being
operable to control the circuitry based on analysing
such digital output values.

A21. Mixed-signal circuitry according to any of the
preceding statements, wherein the controller is op-
erable to control the circuitry by controlling the mag-
nitude of a supply voltage provided individually to
one or more ADC units of the array, and/or in com-
mon to some or all of the ADC units of the array.

A22. Mixed-signal circuitry according to statement
A21, wherein said controlling comprises increasing,
decreasing or maintaining the supply voltage con-
cerned.

A23. Mixed-signal circuitry according to any of the
preceding statements, wherein the controller is op-
erable to control the circuitry by controlling the mag-
nitude of a bulk voltage supplied to field-effect tran-
sistors of one or more ADC units of the array.

A24. Mixed-signal circuitry according to statement
A23, wherein said controlling comprises increasing,

decreasing or maintaining the bulk voltage.

A25. Mixed-signal circuitry according to any of the
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preceding statements, wherein the controller is op-
erable to control the circuitry based on the consid-
ered indications to tend to cause future such indica-
tions to indicate that a target performance has been
achieved.

A26. Mixed-signal circuitry according to statement
A25, wherein the target performance comprises a
target amount of power consumed by one or more
ADC units of the array.

A27. Mixed-signal circuitry according to statement
A25 or 26, wherein the target performance compris-
es a target proportion of the considered indications
which indicate that the particular sub-conversion op-
eration completed in the time window concerned.

A28. Mixed-signal circuitry according to any of the
preceding statements, wherein the controller is op-
erable to perform said control in respect of the ADC
units from which the considered indications were
provided.

A29. Mixed-signal circuitry according to any of the
preceding statements, wherein the controller is op-
erable to configure whether the final sub-conversion
operations per sequence contribute to the respective
digital output values.

A30. Mixed-signal circuitry according to any of the
preceding statements, wherein some or all of the
sub-conversion operations in a sequence generate
a corresponding bit value of the digital output value
concerned.

A31. Mixed-signal circuitry according to any of the
preceding statements, wherein the sub-conversion
operations are successive-approximation opera-
tions.

A32. Mixed-signal circuitry according to any of the
preceding statements, wherein the or each said ADC
unit is an asynchronous ADC unit.

A33. Mixed-signal circuitry according to any of the
preceding statements, wherein the array of ADC
units comprises at least 8, 16, 32, 64 or 128 ADC
units.

A34. An analogue-to-digital converter comprising
mixed-signal circuitry according to any of the pre-
ceding statements.

A35. An integrated circuit or an IC chip comprising
mixed-signal circuitry according to any of statements
A1 to A33, or an analogue-to-digital converter ac-
cording to statement A34.
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Claims

1.

Mixed-signal circuitry, comprising:

an array of ADC units configured to operate in
a time-interleaved manner, and each operable
in each of a series of time windows to convert
an analogue input value into a corresponding
digital output value, each conversion comprising
a sequence of sub-conversion operations, each
successive sub-conversion operation of a se-
quence being triggered by completion of the pre-
ceding sub-conversion operation; and

a controller,

wherein:

at least one of the ADC units is operable to
act as a reporting ADC unit and indicate, for
each of one or more monitored said conver-
sions, whether or not a particular one of the
sub-conversion operations completed dur-
ing the time window concerned; and

the controlleris operable to consider atleast
one such indication and to control the cir-
cuitry in dependence upon the or each con-
sidered indication.

Mixed-signal circuitry as claimed in claim 1, wherein
the time windows for the ADC units are synchronised
with one another, and/or wherein the series of time
windows for the respective ADC units are time-inter-
leaved.

Mixed-signal circuitry as claimed in any of the pre-
ceding claims, wherein:

some or all of said ADC units act as reporting
ADC units; and/or

some or all of said conversions are monitored
conversions; and/or

some or all of the indications are considered in-
dications.

Mixed-signal circuitry as claimed in any of the pre-
ceding claims, wherein the controller is operable to
configure, optionally on a dynamic basis,:

which ADC units act as reporting ADC units;
and/or

which conversions are monitored conversions;
and/or

which indications are considered indications.

Mixed-signal circuitry as claimed in any of the pre-
ceding claims, wherein:

the controller is operable to configure which sub-
conversion operation per sequence of sub-con-
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10.

1.

12.

13.

version operations is the particular one; and/or
the final or penultimate sub-conversion opera-
tion per sequence is the particular one.

Mixed-signal circuitry as claimed in any of the pre-
ceding claims, wherein the controller is operable to
configure how many sub-conversion operations
there are in the sequences.

Mixed-signal circuitry as claimed in any of the pre-
ceding claims, wherein the reporting ADC units are
operable to perform such indication by outputting a
conversion-complete signal when the particular one
of the sub-conversion operations of a monitored con-
version completes during the time window con-
cerned.

Mixed-signal circuitry as claimed in any of the pre-
ceding claims, wherein the reporting ADC units are
operable to perform such indication by outputting
said digital output values, the controller being oper-
able to control the circuitry based on analysing such
digital output values.

Mixed-signal circuitry as claimed in any of the pre-
ceding claims, wherein the controller is operable to
control the circuitry by controlling the magnitude of
a supply voltage provided individually to one or more
ADC units of the array, and/or in common to some
or all of the ADC units of the array.

Mixed-signal circuitry as claimed in any of the pre-
ceding claims, wherein the controller is operable to
control the circuitry by controlling the magnitude of
a bulk voltage supplied to field-effect transistors of
one or more ADC units of the array.

Mixed-signal circuitry as claimed in any of the pre-
ceding claims, wherein the controller is operable to
control the circuitry based on the considered indica-
tions to tend to cause future such indications to in-
dicate that a target performance has been achieved.

Mixed-signal circuitry as claimedin claim 11, wherein
the target performance comprises:

a target amount of power consumed by one or
more ADC units of the array;

and/or

a target proportion of the considered indications
whichindicate thatthe particular sub-conversion
operation completed in the time window con-
cerned; and/or

a target speed of conversion.

Mixed-signal circuitry as claimed in any of the pre-
ceding claims, wherein the controller is operable to
configure whether the final sub-conversion operation
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per sequence contributes to the corresponding dig-
ital output value.

Mixed-signal circuitry as claimed in any of the pre-
ceding claims, wherein the sub-conversion opera-
tions are successive-approximation operations
and/or the ADC units are asynchronous ADC units.

An analogue-to-digital converter comprising mixed-
signal circuitry as claimed in any of the preceding
claims.
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